Phosphoenolpyruvate (PEP) carboxykinase was identified to be the only C3-carboxylating enzyme in Alcaligenes eutrophus. The enzyme requires GDP or inosine diphosphate (GTP or inosine triphosphate) for activity. Pyruvate-and other PEP-dependent C02-fixing enzyme activities were not detected, regardless of whether the cells were grown autotrophically or heterotrophically. It is suggested that two pathways are present in the organism for the formation of PEP from C4 dicarboxylic acids. Besides decarboxylation of oxaloacetate by PEP carboxykinase, the consecutive action of NADP+-malic enzyme and PEP synthetase can also accomplish this synthesis. An oxaloacetate decarboxylase activity observed in the cell extracts may also contribute to the latter route. The properties of a mutant deficient in PEP synthetase supported the biochemical data. This mutant was unable to grow on pyruvate or lactate and grew slower than the wild type on direct or indirect metabolites of the tricarboxylic acid cycle such as succinate, glutamate, or acetate. Growth on fructose and autotrophic growth were not affected by the enzyme defect. The findings suggest that, depending on the growth substrate utilized, PEP carboxykinase can serve a dual physiological function in A. eutrophus, an anaplerotic function in oxaloacetate synthesis from PEP, or a gluconeogenic function in PEP synthesis from oxaloacetate.
The reactions involved in the interconversion of C3 and C4 metabolites serve essential functions in both catabolic and anabolic processes. Bacteria growing heterotrophically on substrates that are catabolized to pyruvate and subsequently oxidized by the tricarboxylic acid cycle require anaplerotic CO2 fixation to effect the net synthesis of oxaloacetate (17) . This mechanism is necessary for the energy-converting and the biosynthetic roles of that cycle. Formation of oxaloacetate is achieved by carboxylation of C3 compounds such as phosphoenolpyruvate (PEP) or pyruvate. In most organisms, PEP carboxylase (EC 4.1.1.31) or pyruvate carboxylase (EC 6.4.1.1) are the principal catalysts of the respective reactions (27, 31) .
During growth on C4 substrates such as succinate or malate, synthesis of PEP is requisite for gluconeogenesis and related biosynthesis (17) . Two general routes appear to function in the formation of PEP from C4 dicarboxylic acids. The direct decarboxylation of oxaloacetate to yield PEP is catalyzed by PEP carboxykinase (EC 4.1.1.32; EC 4.1.1.49) (31) . In the second pathway, oxaloacetate or malate are first decarboxylated to pyruvate by the action of oxaloacetate decarboxylase (EC 4.1.1.3) or malic enzyme (EC 1.1.1.38; EC 1.1.1.40), respectively (2, 10) . The conversion of pyruvate into PEP is then accomplished by either PEP synthetase (EC 2.7.9.2) (5) or pyruvate, orthophosphate dikinase (EC 2.7.9.1) (3, 7, 11) . For autotrophic bacteria that assimilate CO2 via the reactions of the Calvin cycle, the synthesis of oxaloacetate from C3 precursors is also indispensable for the anabolic role of the usually incomplete tricarboxylic acid cycle in these organisms (29) .
In a previous study on the formation of C4 dicarboxylic acids from C3 compounds, the facultatively chemolithoautotrophic hydrogen bacterium Alcaligenes eutrophus was reported to possess both PEP carboxylase and PEP carboxykinase and to lack pyruvate carboxylase (8) . However, in preliminary investigations aimed at an evaluation of the physiological significance of C3 carboxylation for autotro-phic and heterotrophic carbon metabolism, we obtained no evidence for the presence of PEP carboxylase in A. eutrophus. This finding prompted us to thoroughly reexamine the occurrence of enzyme activities participating in the metabolism of C3 and C4 intermediates, including those of the glyoxylate cycle.
This MATERIALS AND METHODS Bacterial strains and growth conditions. In the course of this work, A. eutrophus H16 (DSM 428, ATCC 17699) and the mutant BB7 derived from strain H16 were used. They were grown in a mineral salts medium (25) at 30°C either heterotrophically under air with organic substrates as sources of carbon and energy or autotrophically by supplying with a gas mixture of hydrogen-oxygen-carbon dioxide at a ratio of 8:1:1 (vol/vol/vol). The organic substrates were added to give final concentrations of 0.2% (wt/vol). Liquid media were solidified as appropriate by supplementing with 1.5% (wt/vol) agar.
Cells required for preparation of cell extracts were grown in 300-ml cultures with baffled 2-liter flasks incubated on a rotary shaker. Growth experiments were performed with 30-ml cultures in 300-ml sidearm flasks. Growth was monitored turbidimetrically with a Klett-Summerson colorimeter equipped with a no. 54 filter.
Isolation of pyruvate-negative mutants. The cells were mutagenized as described previously (4) GDP, 0.25 mM (spectrophotometric assay) or 2 mM (radiometric assay) NADH, 5 U of malate dehydrogenase, and 0.05 to 0.4 mg of extract protein. In the radiometric assay, the reaction was terminated after 5 or 10 min by addition of 0.1 ml of 7 M phosphoric acid, and unfixed 14CO2 was driven off by shaking at room temperature for 30 min. Substratedependent incorporation of radioactivity into the acid-stable product was determined by counting in a liquid scintillation spectrometer (LS 7800; Beckman Instruments, Inc., Irvine, Calif.). The enzyme was also assayed on the basis of exchange of 14Co2 with oxaloacetate in the presence of GTP or inosine triphosphate (ITP) (32) by incubating extract protein with 100 mM imidazole-hydrochloride buffer (pH 6.6)-2 mM MnCl2-2 mM MgCl2-1 mM oxaloacetate-50 mM NaH14CO3-5 mM GTP or ITP. After 20 min, 2 mM NADH and 5 U of malate dehydrogenase were added, and the incubation was continued for another 15 min. The reaction was then stopped by adding 7 M phosphoric acid as described above. For attempts to demonstrate PEP carboxylase activity, the reaction mixture contained, unless stated otherwise, 100 mM Tris-hydrochloride buffer (pH 8.0), 10 mM MgCl2, 5 mM PEP, 50 mM NaHCO3 or NaH14CO3, 0.2 mM acetyl coenzyme A (acetyl-CoA), 0.25 or 2 mM NADH, and5 U of malate dehydrogenase. The assay mixture used to probe for PEP carboxytransphosphorylase (EC 4.1.1.38) was a modified version of that described by Wood et al. (34) and contained 50 mM potassium phosphate buffer (pH 6.8), 12 mM MgCl2, 0.1 mM CoCl2, 2 mM PEP, 50 mM NaHCO3 or NaH14CO3, 0.25 or 2 mM NADH, and 5 U of malate dehydrogenase. Pyruvate carboxylase activity was assayed in a mixture of 100 mM Tris-hydrochloride buffer (pH 7.8), 10 mM MgCl2, 10 mM pyruvate, 50 mM NaHCO3 or NaH14CO3, 5 mM ATP, 0.2 mM acetyl-CoA, 0.25 or 2 mM NADH, and 5 U of malate dehydrogenase.
PEP synthetase was determined by measuring the ATPdependent formation of PEP from pyruvate (23) in a coupled spectrophotometric assay with a reaction mixture (0.6 ml) of the following composition: 100 mM Tris-hydrochloride buffer (pH 8.8), 10 mM MgCl2, 1.5 mM pyruvate, 10 mM ATP, 20 mM NaHCO3, 0.25 mM NADH, 0.5 U of PEP carboxylase, 5 U of malate dehydrogenase, and 0.1 to 0.4 mg of extract protein. When the enzyme was assayed in the direction of pyruvate formation from PEP, the mixture contained 100 mM Tris-hydrochloride buffer (pH 7.2), 5 mM MgC92, 1 mM PEP, 1 mM AMP, 2 mM Pi, 0.25 mM NADH, and 5 U of lactate dehydrogenase (EC 1.1.1.27). Pyruvate kinase (EC 2.7.1.40) was measured by the method of Wilke and Schlegel (33) by coupling the ADP-dependent conversion of PEP to pyruvate with lactate dehydrogenase and NADH.
NADP+-and NAD+-malic enzyme activity was determined spectrophotometrically by following malate-dependent formation of NAD(P)H (15) . The reaction mixture (1.0 ml) contained 100 mM Tris-hydrochloride buffer (pH 8.0), 2 mM MnC12, 2 mM NH4Cl, 5 mM L-malate, 1 mM NADP+ or NAD+, and 0.02 to 0.2 mg of extract protein. A manometric assay measuring the Co2 evolution from oxaloacetate was employed for determining oxaloacetate decarboxylase activity (12) . The assay mixture (2.8 ml) contained 100 mM sodium acetate buffer (pH 5.4), 1 mM MnCI2, 10 mM oxaloacetate, and 0.2 to 0. whereas ADP was ineffective. P1 could also not replace GDP, suggesting the absence of PEP carboxytransphosphorylase from the extracts. As expected, the latter activity was not detected under a variety of assay conditions, including those used to measure the enzyme of Propionibacterium shermanii (34) . The extracts catalyzed an '4CO2-oxaloacetate exchange reaction that only occurred in the presence of either GTP or ITP (data not shown). This is considered additional evidence for the function of PEP carboxykinase (32) . It was thus felt to be unnecessary to assay the enzyme in the decarboxylating direction, i.e., GTP-dependent formation of PEP from oxaloacetate. Moreover, GTP or ITP were identified by thin-layer chromatography as products after PEP-dependent CO2 fixation with GDP or IDP as phosphate acceptors, but no production of ATP was found upon incubation with ADP (data not shown).
All attempts to detect a PEP carboxylase activity in the extracts failed. There was no PEP-dependent t4CO2 fixation in the absence of a phosphate acceptor, both at pH 6.6 and 8.0 (Table 1) . Furthermore, known stimulators of PEP carboxylases such as acetyl-CoA, fructose 1,6-bisphosphate, CDP, ADP, and NADH (27) , alone or in combination, did not elicit any activity of this enzyme. PEP carboxylase in extracts of Escherichia coli could easily be shown by use of the assay system at pH 8.0 with 0.2 mM acetyl-CoA or 1 mM fructose 1,6-bisphosphate as activators (data not shown).
A pyruvate-dependent 14CO2 fixation in the presence of ATP was also not observed in the extracts of A. eutrophus, confirming earlier findings (8) . This was independent of the pH of the assay system or the inclusion of acetyl-CoA which is a common activator of pyruvate carboxylases (27) . Again, this activity was demonstrated without problems in extracts of Bacillus subtilis (data not shown). The occurrence of PEP carboxykinase as the only C3-carboxylating enzyme in A. eutrophus was corroborated by assaying extracts from cells grown heterotrophically on various substrates.
Decarboxylation of C4 metabolites. To further characterize the interconversion of C3 and C4 metabolites in A. eutrophus, potential enzyme activities other than PEP carboxykinase were examined that could catalyze the decarboxylation of C4-dicarboxylic acids. The presence of a NADP+-malic enzyme in this organism has been reported (30) . This finding was substantiated and extended. The activity of the enzyme showed an absolute requirement for monovalent cations, with NH4' being most effective ( Table 2) . Addition of Mn2+ further stimulated the enzyme. No NAD+-dependent activity was observed in extracts from autotrophically or heterotrophically grown cells.
The extracts also exhibited an oxaloacetate decarboxylase activity at acid pH (Table 2 ). This activity which required divalent cations, Mn2+ or Mg2+, was considerably lower at pH 6.6 and not detectable at pH 7.4. Formation of PEP from pyruvate. It has previously been shown that A. eutrophus possesses an enzyme activity which directly phosphorylates pyruvate to form PEP (9) . Assays were performed to decide whether PEP synthetase or pyruvate, orthophosphate dikinase is responsible for this conversion. Since the ATP-dependent synthesis of PEP from pyruvate was not stimulated by added Pi (Table 3) , PEP synthetase is most likely to be the enzyme in question. This was confirmed by testing the reverse reaction catalyzed by the enzyme. The AMP-dependent formation of pyruvate from PEP required the inclusion of Pi in the reaction mixture.
Characterization of a PEP synthetase-deficient mutant. Mutants unable to grow on pyruvate were isolated in an attempt to understand the physiological roles of enzymes participating in the C3 and C4 metabolism of A. eutrophus. The enzyme defect of one of the isolates, strain BB7, was found to be in the PEP synthetase. The mutant grew on all substrates tested, except for pyruvate and lactate. Thus, in A. eutrophus PEP synthetase is essential for the formation of PEP from pyruvate. A comparison between the wild-type strain and mutant BB7 demonstrated that the lack of the enzyme had no influence on the rates of autotrophic growth and heterotrophic growth on fructose (Table 4) . However, growth of BB7 on direct or indirect metabolites of the tricarboxylic acid cycle, such as succinate, glutamate, and acetate, was considerably slower than that of the wild type. The formation of PEP from these latter compounds is apparently hampered to some extent in the mutant.
The activities of the C3-C4-interconverting enzymes, as well as those of isocitrate lyase and malate synthase, were determined in cell extracts of both the wild-type and BB7 strains after growth on various substrates. The data obtained show the deficiency of PEP synthetase in the mutant (Table  5 ). They also suggest that the synthesis of PEP carboxykinase, PEP synthetase, pyruvate kinase, and NADP+-malic enzyme is not strongly regulated by the growth substrate. The oxaloacetate decarboxylase activities of the extracts paralleled malic enzyme activity, ranging from 0.28 to 0.40 U/mg of protein. In contrast, the activities of isocitrate lyase and malate synthase were considerably higher in acetategrown cells of both strains. This observation is in accord with the anaplerotic function of the latter enzymes in the glyoxylate cycle during growth on acetate (17) . DISCUSSION The data reported here suggest the occurrence in A. eutrophus of an unusual pattern of enzymes involved in the interconversion of C3 and C4 metabolites (Fig. 1) . The most striking feature is that in this facultatively autotrophic organism, PEP carboxykinase functions apparently as the only C3-carboxylating enzyme. This finding is in contrast with data from an earlier report, which supposedly demonstrate the presence of A. eutrophus of a PEP carboxylase along with a PEP carboxykinase activity (8) . Morever, the carboxykinase activity was described to be adenine nucleotidedependent, as in the case of the enzyme from most bacteria, yeasts, and plants (31 (20) and Capnocytophaga ochracea (16) which form succinate and propionate as the major C4 fermentation products. In the propionic acid bacteria, the mechanistically similar PEP carboxytransphosphorylase serves this metabolic role (28) . It is noteworthy that obligately and facultatively anaerobic invertebrates performing a similar type offermentation also seem to synthesize oxaloacetate from PEP by the action of PEP carboxykinase (26, 35) . Formation of C4 dicarboxylic acids via this enzyme has even been found in some eucaryotic autotrophs, the marine diatom Phaeodactylum tricornutum (14) and a number of marine brown macrophytic algae (18) . malic enzyme can support the anaplerotic production of C4 dicarboxylic acids from pyruvate or lactate. This is to be expected because of the very low activity of isocitrate lyase in pyruvate-grown cells. Furthermore, although the reaction catalyzed by malic enzyme is reversible, the physiological importance of the A. eutrophus enzyme is in the formation of pyruvate from malate. In this respect, the metabolic situation in A. eutrophus resembles that of E. coli. PEP synthetase-deficient mutants of the latter organism are also unable to grow on pyruvate or lactate (5) . Since the autotrophic growth of the A. eutrophus mutant BB7 is not affected by the PEP synthetase deficiency, it is concluded that the organism has the usual C3-type of CO2 assimilation, confirming previous 14CO2 fixation studies (13) . A C4-type CO2 assimilation similar to that operating in the C4 plants (11) would be dependent on the activity of PEP synthetase.
As in E. coli (10), two alternative pathways for the synthesis of PEP from C4 dicarboxylic acids seem to function in A. eutrophus. Besides, direct decarboxylation of oxaloacetate by PEP carboxykinase formation of PEP from malate could proceed by the combined action of malic enzyme and PEP synthetase. Whether the oxaloacetate decarboxylase activity detected in the cell extracts would contribute to this second route is a matter of conjecture (dashed line, Fig. 1 ). The present data do not allow us to decide whether the observed oxaloacetate decarboxylase activity is due to an independent enzyme or a side activity of malic enzyme. Since maximal decarboxylase activities were obtained at acid pHs, which is a typical feature -of many malic enzymes (6, 19) . The malic enzyme from A. eutrophus may well have this property. However, in contrast to malic enzyme, the oxaloacetate decarboxylase activity did not require monovalent cations. The malic enzyme from A. eutrophus shares this absolute requirement for monovalent cations with the enzyme from the purple sulfur bacterium Chromatium vinosum (24) .
The synthesis of the enzymes of the C3 and C4 Mretabolism in A. eutrophus is apparently not strictly regulated because the activities of these enzymes seem to be constitutive. To prevent futile cycling of metabolites, the organism certainly relies on an efficient regulation of the activities of these enzymes by effectors. Except for pyruvate kinase, which is regulated by the energy charge metabolites AMP and ATP, as well as by ribose 5-phosphate and glucose 6-phosphate (33) , no additional information is available about the activity control of the enzymes interconverting C3 and C4 metabolites in A. eutrophus. It will be of interest to analyze the regulatory properties of these enzymes in li-ght of the present findings. LITERATURE 
